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Polarity Proteins Control Ciliogenesis
via Kinesin Motor Interactions
complex that localizes to the tight junction. Recently,
we demonstrated that the Par3, Par6, aPKC complex is
able to functionally and physically interact with a second
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(IFT) of proteins along the cilium axoneme between inner
and outer segments [11, 12]. In a murine model with a
CRB1 mutation, fragmentation and shortening of theSummary
photoreceptor cell outer segments is observed, sug-
gesting a possible role for CRB1 in IFT [13]. Renal epithe-Background: Cilia are specialized organelles that play
a fundamental role in several mammalian processes in- lia express a homolog of CRB1, CRB3, that localizes to
the tight junction as well as the apical domain and iscluding left-right axis determination, sperm motility, and
photoreceptor maintenance. Mutations in cilia-localized essential for polarization. Cilia are also found in the epi-
thelia of kidney where they arise from the apical surfaceproteins have been linked to human diseases including
cystic kidney disease and retinitis pigmentosa. Retinitis [14]. Defects in cilia formation in kidney epithelia have
been strongly implicated in renal cystic disease [12].pigmentosa can be caused by loss-of-function muta-
tions in the polarity protein Crumbs1 (CRB1), but the Accordingly, we asked if CRB3 plays a role in epithelial
ciliogenesis.exact role of CRB1 in retinal function is unclear.
Results: Here we show that CRB3, a CRB1-related pro-
tein found in epithelia, is localized to cilia and required Results
for proper cilia formation. We also find that the Crumbs-
associated Par3/Par6/aPKC polarity cassette localizes CRB3 Localizes to Cilia of Kidney Epithelia
to cilia and regulates ciliogenesis. In addition, there ap- To determine if CRB3 is required for cilia formation in an
pears to be an important role for the polarity-regulating epithelial context, CRB3 localization in cultured kidney
14-3-3 proteins in this process. Finally, we can demon- epithelial cells was examined. In addition to the pre-
strate association of these polarity proteins with micro- viously observed apical- and tight junction-localized
tubules and the microtubular motor KIF3/Kinesin-II. CRB3, immunolocalization revealed that CRB3 is local-
Conclusions: Our findings point to a heretofore unap- ized to discreet puncta in the primary cilium of MDCK
preciated role for polarity proteins in cilia formation and (Manin Darby canine kidney) and IMCD3 (Inner Medul-
provide a potentially unique insight into the pathogene- lary Collecting Duct) renal epithelial cells as shown by
sis of human kidney and retinal disease. costaining with acetylated tubulin, a known axonemal
constituent of primary cilia (Figure 1A). In addition, CRB3
Introduction staining was observed in the primary cilia of rat kidney
collecting ducts (Figure 1B). To ensure that the observed
Epithelial morphogenesis has been an area of intense CRB3 localization was not a staining artifact, the local-
study and has been a platform for examining the signal- ization of Myc-tagged CRB3 in MDCK cells was exam-
ing events that regulate polarization. Epithelial polariza- ined. Localization of exogenous Myc-CRB3 was similar
tion proceeds via distinct stages including formation of to that observed for the endogenous CRB3 (Figure 1C).
cellular junctions and segregation of apical and basolat- In contrast, another common marker of the apical sur-
eral membrane domains. Polarity proteins (Par) origi- face, gp135, is excluded from the cilia (Figure S1A).
nally identified in a screen for mutations that disrupt
polarity of the C. elegans zygote [1] are intrinsically
CRB3 Expression Is Required for Ciliogenesislinked to and regulate epithelial polarization [2–5]. The
To determine if CRB3 is essential for cilia formation,Par3, Par6, and aPKC polarity proteins form a trimeric
CRB3 levels were reduced by siRNA in MDCK cells (Fig-
ure 2A), and it was found that reduction of CRB3 expres-*Correspondence: bmargoli@umich.edu
6These authors contributed equally to this work. sion resulted in the inability of MDCK cells to form cilia
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Figure 1. CRB3 Localizes to Primary Cilia
(A) CRB3 localizes to primary cilia of MDCK and IMCD3 cells. MDCK and IMCD3 cells grown for 7 days postconfluence were fixed, permeabilized,
and stained with antibodies against the proteins indicated.
(B) Immunolocalization of CRB3 in adult rat kidney section.
(C) Myc-tagged CRB3 localizes to the cilia in MDCK cells. MDCK cells were transfected with Myc-CRB3 and treated as in (A).
(Figures 2B and 2C). Similar results were seen using a 3 days postconfluency; however, cilia formation was
completely absent in CRB3 siRNA cells even after 7 dayssecond siRNA construct designed against a different
region of the CRB3 gene (data not shown). Reduction (Figure 2D). These data together suggest that CRB3
expression is required for ciliogenesis.of the tight junction protein, ZO-1, by siRNA had no
effect on cilia formation (Figure S1B). To determine if
reduction of CRB3 expression merely resulted in de- Par3, Par6, and aPKC Localize to the Cilia
CRB3 has been recently reported to bind directly to thelayed cilia formation, cilia formation was examined in
CRB3 siRNA and wild-type MDCK cells over 7 days. In PDZ domain of the polarity protein Par6 [15]. Par6, when
complexed with Par3 and aPKC, is involved in the estab-wild-type cells, small cilia were observed as early as
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Figure 2. CRB3 Is Required for Cilia Formation
(A) CRB3 expression in MDCK clones stably expressing a CRB3 siRNA construct. CRB3 siRNA clones were lysed and extracts subjected to
SDS-PAGE. CRB3 and actin expression levels were detected by Western blotting using the antibodies indicated.
(B) Repression of CRB3 expression prevents cilia formation. CRB3 siRNA clones were grown on filters for 7 days, then fixed, permeabilized,
and stained with antibodies against the proteins indicated.
(C) Quantification of ciliated cells in wild-type MDCK cells versus CRB3 siRNA clone 6 cells.
(D) Cilia formation is not just delayed in CRB3 siRNA MDCK cells. Wild-type and CRB3 siRNA clone 6 MDCK cells were grown on filters to
confluency and then allowed to grow for the times indicated and treated as in (B).
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Figure 3. Par3, Par6, and aPKC Localize to
Both Primary Cilia and Flagella
(A) Par3, Par6, and aPKC localize to the pri-
mary cilia of MDCK cells. MDCK cells were
grown on filters for 7 days postconfluence, then
fixed, permeabilized, and stained with anti-
bodies against the proteins indicated.
(B) Par3, Par6, and aPKC localize to the
primary cilia of murine IMCD3 cells. IMCD3
cells were grown for 8 days and then treated
as in (A).
(C) Par3, Par6, and aPKC localize to the dis-
tal region of sperm flagella. Par3 and aPKC
also localize to the acrosomal region of the
sperm head. Isolated murine sperm were
seeded onto slides, fixed, permeabilized, and
stained for the proteins indicated. Confocal
images are superimposed over differential in-
terference contrast (DIC) images.
lishment and maintenance of epithelial polarity. To ad- the Par3/Par6/aPKC complex is also localized to motile
cilia, their localization was examined in isolated murinedress whether CRB3 may regulate ciliogenesis via the
Par3, Par6, aPKC polarity complex, we examined spermatozoa. Here, Par3, Par6, and aPKC all localized
to the distal region of the sperm flagellum (Figure 3C).whether the Par proteins are able to localize to the pri-
mary cilia of cultured epithelia. In MDCK and IMCD3 Next, we analyzed whether the polarity proteins were
colocalized in the primary cilium. Triple staining revealedcells, punctate Par3, Par6, and aPKC localization was
observed along the length of the cilium (Figures 3A and that both Par3 and Par6 as well as CRB3 and Par6
colocalize to the same discreet puncta along the length3B, respectively). Recently, two candidate polycystic
kidney disease proteins, Polycystin-2 and Polaris, which of the cilium (Figures 4A and 4B). Together, these data
suggest a conserved role for the Par3/Par6/aPKC com-localize to renal primary cilia, have also been reported to
be in the flagella of spermatozoa [16–18]. To determine if plex in both motile and immotile cilia function.
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Figure 4. Par6 Colocalizes with CRB3 and Par3 in Cilia
(A) Par3 colocalizes with Par6. MDCK cells were grown on filters for 7 days, then fixed, permeabilized, and stained with antibodies against
the proteins indicated.
(B) CRB3 colocalizes with Par6. MDCK cells were treated as in (A).
14-3-3 Proteins Are Important for Ciliogenesis Kinesin II complex [12], and kidney-specific knockout
of the KIF3a subunit results in loss of cell polarity and theIn Drosophila melanogaster, the Par3 homolog Bazooka
is localized to the apical domain of follicular epithelia. inability of cells to form cilia [24]. The punctate staining
observed for Par3, Par6, aPKC, and Crb3 in the primaryThis localization is maintained by the binding of the
phospho-substrate binding protein 14-3-3 (for review cilia is similar to that observed for KIF3a (Figure S1D),
so we tested whether KIF3a is associated with thesesee [19]) to Bazooka in conjunction with apical anchor-
ing by Crumbs [20]. In addition, in the Caenorhabditis proteins. Myc-14-3-3 stably expressed in MDCK cells
was used to immunoprecipitate Par3/Par6/aPKC com-elegans zygote, the 14-3-3 homolog Par5 when depleted
gives rise to mislocalization of Par3, Par6, and aPKC plexes, and it was found that KIF3a efficiently coimmu-
noprecipitated, implicating the KIF3/Kinesin II complex[21]. In mammalian epithelia, 14-3-3 binds Par3, and
disruption of this interaction results in loss of cell polarity as the candidate molecular motor that mediates the
interaction of Par3,Par6 and aPKC with microtubules[22]. When examined, we found that the 14-3-3 isoform
14-3-3 localizes to the cilia of MDCK cells in similar (Figure 6B). Furthermore, endogenous Par3 coimmuno-
precipitated with endogenous KIF3a (Figure 6C) but notfashion to Crb3 (Figure 5A). Overexpression of Myc-14-
3-3 did not alter polarity (Figure S1C), and it localizes with the Kinesin I complex constituent, Kinesin heavy
chain (KHC) (Figure 6D). Examination of the localizationin a similar fashion to endogenous 14-3-3 (Figure 5B).
To assess the role of 14-3-3 in ciliogenesis, MDCK of KIF3a and the polarity protein Par6 revealed that they
partially colocalize (Figure 6E), indicating that at leastclones stably expressing a 14-3-3-specific siRNA con-
struct were generated (Figure 5C). In those clones with some of the cilia-localized KIF3a is associated with the
Par3, Par6, aPKC polarity complex.reduced 14-3-3 expression, ciliogenesis was unable to
proceed as in wild-type cells (Figures 5D and 5E). These
data suggest that the interaction of Par3 with 14-3-3 is Atypical PKC Activity Is Important for Ciliogenesis
Signaling through the Par3/Par6/aPKC complex iscrucial for the function of the Par3/Par6/aPKC complex
during ciliogenesis. thought to be regulated by modulation of the kinase
activity of aPKC [25, 26]. To assess the role of the Par3/
Par6/aPKC polarity complex in the regulation of cilio-Interactions of Microtubules and Polarity Proteins
Next, we examined the mechanism by which the Par3/ genesis, we wanted to selectively depolymerize the pri-
mary cilia of epithelial cells and then follow reformation.Par6/aPKC complex localizes to the cilia axoneme. In
microtubule sedimentation experiments [23], we found Previous studies had suggested that cilia may be resis-
tant to the action of microtubule-depolymerizing agentsthat Par3, Par6, and 14-3-3 could associate with micro-
tubules but only in the presence of AMP-PNP, sug- [27]. We found that treatment of ciliated MDCK cells for
3 hr with nocodazole resulted in disassembly of the ciliagesting that the interaction of these proteins with the
cilia axoneme is mediated by a microtubule motor (Fig- (Figure 7A) while tight junctions were unaffected, as
revealed by retention of contiguous staining of the tighture 6A). As expected, the molecular motor, KIF3a, only
associates with microtubules in the presence of AMP- junction marker ZO-1. It was found that 7 hr after removal
of nocodazole, cilia reformation could be detected, andPNP.
The primary anterograde motor in the cilia is the KIF3/ after 24 hr, cilia were fully formed. However, addition of
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Figure 5. 14-3-3 Localizes to Primary Cilia and Is Required for Ciliogenesis
(A) Endogenous 14-3-3 localizes to the primary cilia. MDCK cells were grown on filters for 7 days, then fixed, permeabilized, and stained
with antibodies against the proteins indicated.
(B) Transfected Myc-tagged 14-3-3 localizes to the primary cilium. MDCK cells stably expressing Myc-14-3-3 were treated as in (A).
(C) 14-3-3 expression in MDCK clones stably expressing a 14-3-3 siRNA construct. 14-3-3 siRNA clones were lysed and extracts subjected
to SDS-PAGE. 14-3-3, 14-3-3, and actin expression levels were detected by Western blotting using the antibodies indicated.
(D) Quantification of ciliated wild-type and 14-3-3 siRNA clone 3 MDCK cells.
(E) Depletion of 14-3-3 inhibits ciliogenesis. 14-3-3 siRNA clones were grown on filters for 7 days, then fixed, permeabilized, and stained
with antibodies against the proteins indicated.
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an aPKC-specific inhibitor (Myristolated aPKC pseudo- investigation in human biology due to their association
with numerous diseases including renal cystic diseasesubstrate inhibitor) after nocodazole treatment com-
pletely blocked cilia recovery (Figure 7B). These results and retinitis pigmentosa. A paralog of CRB3, CRB1 is
expressed primarily in retina and brain [40]. Unlikesuggest that aPKC activity is required for microtubule
organization during ciliogenesis. CRB3, CRB1 has a large extracellular domain, but the
intracellular domains of CRB1 and CRB3 that interact
with polarity proteins are highly conserved. Mutations
Discussion in CRB1 are implicated in the retinal diseases Leber
congential amaurosis and retinitis pigmentosa [10, 40].
This work demonstrates that both the apical determinant It has been suggested that CRB1 may contribute to
CRB3 and the Par3/Par6/aPKC polarity complex are re- these disorders due to defects in cell adhesion or forma-
quired for ciliogenesis in epithelial cells. In Drosophila tion of the apical surface. However, our results suggest
melanogaster, Crumbs is phenocopied by the Stardust that Crumbs proteins might also play a role in cilia func-
gene whose protein product binds to the carboxyl termi- tion. Cilia are important in photoreceptors for the trans-
nus of Crumbs [28–30]. Similarly in the mammalian tight port of proteins such as rhodopsin from the inner seg-
junction, CRB3 binds and colocalizes with PALS1, the ment to the outer segment [41]. Indeed, other proteins
mammalian homolog of Stardust [30, 31]. Tight junction- mutated in retinitis pigmentosa have been localized to
associated CRB3 interacts with the Par3/Par6/aPKC the cilia, and proteins implicated in ciliogenesis are mu-
complex through the PALS1 protein [6, 31, 32], but due tated in genetic syndromes that combine renal cystic
to difficulties with antibody staining, it is not clear if disease with retinitis pigmentosa [42, 43].
PALS1 is localized to the cilia. However, in mammalian The results presented here have important implica-
epithelia, the CRB3 carboxyl terminus may be able to tions for cilia formation and may lead to new insights
directly bind to the PDZ domain of Par6 [15]. Further- into the pathogenesis of human disease. They also point
more, either direct binding of CRB3 to Par6 or indirect to an important intersection between polarity proteins,
binding via PALS1 provides a mechanism by which the microtubules, and microtubular motors. It has been pro-
KIF3 complex can traffic CRB3-containing particles into posed in lower organisms that members of the Par polar-
the developing cilium. During ciliogenesis, there is a ity proteins control microtubule dynamics in mediating
requirement for the targeted delivery of cilia-specific some of their effects on cell polarization [44–47]. Modu-
proteins such as the polycystin 1 and 2 proteins, crucial lating motor function may control the directional move-
for the sensory function of the mature cilium, via IFT ment of proteins along microtubules leading to a polar-
[12]. It is tempting to speculate that CRB3 connects ized distribution of proteins. Further work will be
to IFT particles via the Par3/Par6/aPKC and Kinesin II necessary to determine if our findings linking polarity
complexes. The finding of punctate staining for these proteins to ciliogenesis have implications for the genesis
polarity proteins supports this hypothesis, but more of apical basal polarity.
studies will be required to prove this conjecture.
The Par3/Par6/aPKC complex is unlikely to merely Experimental Procedures
provide a protein scaffold that serves to couple Crb3
Antibodiesparticles to the KIF3 motor, but it is probable that it
The following antibodies were used: rabbit anti-PKC and anti-Par3also acts to regulate loading onto microtubules and/or
(Upstate, Charlottesville, VA); mouse anti-acetylated tubulin, mouse
processivity. Consistent with this hypothesis, it has been anti-KIF3a, and rabbit anti-actin (Sigma Aldrich, St. Louis, MO); rab-
demonstrated in 3T3-L1 adipocytes that activation of bit anti-14-3-3, goat anti-14-3-3, and anti-Par6 (Santa Cruz Bio-
aPKC is required for loading of KIF3a onto microtu- tech, Santa Cruz, CA); and rabbit anti-14-3-3 (Assay Designs Inc.,
Ann Arbor, MI). Creation of rabbit antibodies against CRB3 andbules and the subsequent exocytosis of GLUT4-con-
PATJ are as previously described [31].taining vesicles [33]. This may be similar to the scaffold-
ing of the JNK kinase pathway to classical kinesin [34,
Cell Culture35]. These findings seem to provide a novel insight into
MDCK type II cells were cultured as previously described [6]. siRNA
how the Par3/Par6/aPKC may control cell polarization and Myc-14-3-3 stable MDCK cells were cultured in media supple-
in a large number of cell types. In agreement with this, mented with 300 g/ml Hygromycin B (Roche, Indianapolis, IN).
it has recently been shown that Par3 also is able to IMCD3 cells were cultured in DMEM/F12 media (GIBCO-BRL, Carls-
bad, CA) supplemented with 10% FBS, 2.5 mM L-glutamine, 0.2 g/linteract with KIf3a and regulate neurite polarization [36].
sodium bicarbonate, 15 mM HEPES, and 0.5 mM sodium pyruvate.By binding to motors and microtubules, this complex
For cilia immunostaining, cells were grown for 7 days postconflu-can regulate the polarized trafficking of proteins along
ence on 10 mm Transwell filters as previously described [6]. For
microtubules. In addition, the Par3, Par6, aPKC complex cilia formation assays, MDCK cells were treated for 3 hr with 33
may function to regulate the stability of the ciliary axo- M Nocodazole. Cells were washed five times in PBS to remove
neme. This is supported by the observation that in mi- nocodazole and then incubated in the presence or absence of 100
M Myristolated aPKCpseudosubstrate inhibitor (Calbiochem, Sangrating astrocytes, Par6 and aPKC regulate GSK3b to
Diego, CA) for the desired time.induce the binding of the APC protein to the plus ends
of microtubules [37]. Furthermore, a second plus end-
siRNAlocalized protein, EB-1, which localizes to the flagella
Double-stranded oligonucleotides corresponding (underlined) totip of Chlamydomonas reinhardtii [38], regulates micro-
portions of canine CRB3 (top strand: 5-GATCCGCCATCACTGC
tubule polymerization in conjunction with APC [39]. CATCATTGTTCAAGAGACAATGATGGCAGTGATGGCTTTTTTGG
Our data also demonstrates an important role for AAA-3; bottom strand: 3-GCGGTAGTGACGGTAGTAACAAGTTCT
CTGTTACTACCGTCACTACCGAAAAAACCTTTTCGA-5) and 14-3-CRB3 in epithelial ciliogenesis. Cilia are an area of active
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Figure 6. The Par3/Par6/aPKC Polarity Complex Associates with Microtubules in a Microtubule Motor-Dependent Manner
(A) Par3, Par6, aPKC, and 14-3-3 bind microtubules. Prepolymerized microtubules were added to MDCK cytosol in the presence of either
ATP or AMP-PNP prior to centrifugation through a sucrose cushion. Supernatants (SN) and microtubule pellets (P) were then subjected to
SDS-PAGE and immunoblotted for the proteins indicated.
(B) The Par3/Par6/aPKC polarity complex and the microtubule motor KIF3a coimmunoprecipitates with Myc-14-3-3. Myc-14-3-3 was
immunoprecipitated from Myc-14-3-3 stable expressing MDCK cells, and immunoprecipitates were subjected to SDS-PAGE and immunoblot-
ted for the proteins indicated.
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Figure 7. aPKC Activity Is Required for Ciliogenesis
(A) Cilia can be depolymerized by treatment with nocodazole. MDCK cells were grown for 7 days on filters, then treated with 33 M nocodazole
for the times indicated prior to being fixed, permeabilized, and stained with antibodies against the proteins indicated.
(B) MDCK cells were grown for 7 days on filters, then treated with 33 M nocodazole for 3 hr. Nocodazole was washed out and cells were
treated with or without 100 M aPKC inhibitor for the times indicated.
3 (top strand: 5-GATCCTGAACCTCTTTCCAATGAATTCAAGAGA blocked in 5% BSA/PBS for 1 hr. Sperm were then stained as above.
Chamber slides were visualized using an Olympus FV500 invertedTTCATTGGAAAGAGGTTCATTTTTTGGAAA-3; bottom strand: 3-
GACTTGGAGAAAGGTTACTTAAGTTCTCTAAGTAACCTTTCTCCA confocal microscope. For kidney staining, kidneys from adult
Sprague-Dawley rats were used for immunofluorescence micros-AGTAAAAAACCTTTTCGA-5) genes were ligated into the pSilencer
vector (Ambion, Austin, TX) and stably transfected into MDCK type copy as described previously [48].
II cells under Hygromycin B selection.
Microtubule Spin-Down Assay
Polymerized microtubules were generated as follows. Bovine brainSperm Isolation
Caudal epididymis was dissected from euthanized adult male mice tubulin (Cytoskeleton, Denver, CO) was resuspended in BRB80 (80
mM PIPES [pH 6.8], 1 mM MgCl2, 1 mM EGTA) supplemented withand placed into HTF-HEPES (ZDL Inc., Lexington, KY)  0.3% Poly-
vinylpyrrolidone (PVP) for 2 hr at 37C. Media was aspirated, addi- 1 mM DTT and 1 mM MgGTP on ice. 200 nM Taxol (Sigma-Aldrich)
was added and the reaction incubated for 5 min at 37C. 2 M Taxoltional HTF-HEPES was added, and it was incubated for 1 hr at
37C. Sperm-containing media was separated from cell debris by was added and the reaction incubated for a further 5 min. 20 M
Taxol was added and the reaction incubated for a further 15 minaspiration and sperm pelleted by centrifugation at 200 	 g for 5
min. prior to storage at room temperature. MDCK cells were lysed in
buffer A (50 mM HEPES [pH 7.4], 50 mM KCl, 1 mM EDTA, 1 mM
EGTA, 1 mM MgCl2, 0.5% Triton X-100, 1 mM NaF, 1 mM PMSF, andImmunoprecipitation and Western Blotting
Immunoprecipitation and Western blotting was performed as pre- 1 M each of pepstatin, leupeptin, and aprotinin) and centrifuged at
100,000	 g for 20 min at 4C. 0.5 mM MgGTP, 5M taxol, and eitherviously described [22].
5 mM MgAMP-PNP or 5 mM MgATP was added to the supernatant,
followed by incubation at 33C for 3 min. In vitro polymerized micro-Immunostaining
MDCK and IMCD3 cells grown on Transwell filters were fixed and tubules and 15 M taxol were added and incubated at 33C for 30
min. The extract was layered onto a sucrose cushion (40% sucrosestained as previously described [6]. Filters were visualized using a
Zeiss LSM510 Axiovert 100 M inverted confocal microscope. For in buffer A, 10 M Taxol and either 0.5 mM MgATP or 0.5 mM
MgAMP-PNP) and spun at 100,000 	 g for 30 min at 22C. Superna-sperm immunostaining, sperm were seeded in HTF-HEPES onto
polylysine-coated chamber slides (Nalge Nunc, Naperville, IL) at tant was retained. The cushion was aspirated with several washes
of buffer A and the microtubule pellet was resuspended in SDS-room temperature for 30 min. Sperm were fixed in 4% PFA/PBS for
15 min, permeabilized in 0.1% Triton X100/PBS for 10 min and PAGE sample buffer.
(C) Endogenous Par3 coimmunoprecipitates with KIF3a. KIF3a was immunoprecipitated from MDCK extracts. Immunoprecipitates were
subjected to SDS-PAGE and immunoblotted for endogenous KIF3a and Par3.
(D) Par3 does not immunoprecipitate with kinesin heavy chain (KHC). KHC was immunoprecipitated from MDCK extracts. Immunoprecipitates
were subjected to SDS-PAGE and immunoblotted for endogenous KHC and Par3.
(E) KIF3a and Par6 partially colocalize. MDCK cells were grown on filters for 7 days, then fixed, permeabilized, and stained with antibodies
against the proteins indicated. L, lysate; Pre, pre-immune; IP, immunoprecipitate.
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